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ABSTRACT

A study and experimental investigation has been performed to determine the
feasibility of measuring regional blood flow and volume in man by means of micro-
wave radiometry. An indication was expected of regional blood flow from measure-

ment of surface and subsurface temperatures with a sensitive radiometer.

Following theoretical modeling of biological tissue, to determine the
optimum operating frequency for adequate sensing depth, a sensitive microwave
radiometer was designed for operation at 793 MHz. A temperature sensitivity of

of 0.06°% rms was realized in this equipment.

Measurements performed on phantom tissue models, consisting of beef fat and
lean beefsteak showed that the radiometer was capable of sensing temperatures
from a depth between 3.8 and 5.1 cm.

Radiometric and thermodynamic temperature measurements were also performed
on the hind thighs of large dogs. These showed that the radiometer could sense
subsurface temperatures from a depth of, at least, 1.3 cm. Delays caused by
externally-generated RF interference, coupled with the lack of reliable blood flow
measurement equipment, prevented correlation of radiometer readings with regional
blood flow, For the same reasons, it was not possible to extend the radiometric

observations to human subjects.

A set of conclusions and recommendations are presented at the end of the

report.
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Section 1
INTRODUCTION

The purpose of the research described in this report was to conlict 1 scudy
and experimental investigation aimed at determining the feasibility c¢f measuring
regional blood flow and volumes in man by means of microwave radiometric sensing
techniques. Since microwave radiometers are temperature sensirg instrumenus, it
was expected that an indication of regional blood flow would be gained by measur-
ing related temperatures down to a depth dictated by the selected operating
frequency. The study has confirmed the ability of a sensitive radiometer to secnse
subsurface temperatures in living tissue, although the work schedule did not allow

sufficient time for correlation of this information with regional blood flow.

The project involved the following basic elements of work:

1) A theoretical study to determine radiometric sensing depths of micrcwave
thermal energy, emitted by models of biological tissue, over the frequency range
0.15 to 5 GHz. The purpose of this work was to locate an optiwmum operating

frequency for the radiometer. This was established at 725 MHz.

2) Design and development of a seusitive microwave radiometer suitable for
laboratory-type observations on tissue models, animals and human subjects. This
was successfully accomplished; the radiometer operates at a frequency of 793 MHz
and has a minimum detectable temperature sensitivity of 0,06 degree Kelvin rms,

for a 10-second output time constant.

3) Radiometric and correlative temperature measurements on phantomn mouels of
biological tissue, consisting of beef fat and lean beefsteak, to determine the
depth from which temperatures can be sensed, It was found that the radinmeter
sensed temperatures from a depth between 3.8 and 5.1 cm in lean beefsteak.

4) Temperature profile versus blood flow measurements on hind thighs of large
dogs, without radiometric observations, Correlation of blood flow with surface
and subsurface temperatures was accomplished with somewhat limited success due to
problems encountered with the stability of electromagnetic flowmeters. Success
was achieved only on a '"go no-go" basis, in that measurements were made under fuyll-

flow or no-flow conditions - the no-flow condition was achieved through the use of



a tourniquet. Some temperature profiles were obtained after a given area was

couled with an ice-alcohol mixture,

5) Radiometric and correlative temperature observations on the hind thigh
ot a large dog. This investigation showed that the radiometer sensed temperatures

from a depth of, at least, 1.3 cm,

The above work demonstrated clearly that radiometric measurement of subsur-
face temperature changes, associated with changes in blood flow, is feasible.
Unfortunately, due to time iimitations imposed by design changes, caused by
externally generated RF interference, and the lack of adequate blood flow measur-
ing equipment, it was not possible to establish a quantitative relationship
between radiometer apparent temperatures and regional blood flow. The shortage

of time also precluded any observations on human subjects.

considering the problems encountered with externally-generated RF interfeience
and the lack of reliable blood flow measurement equipment, it is felt that a good
beginuing has been made in the application of microwave radiometry to subsurface
temperature sensing in living tissue, The results of the study are presented in

the form of numerous plots, tables and related discussions.

A set of conclusions and recommendations are presented at the end of the
teport, It is felt that, if the recommendations are adopted and the requisite
observations made on human subjects, the wicrowave radiometric technique can be
properly developed and ultimately become quite useful for subsurface temperature

sensing and indirect measurement uf blood distribution in the human budy.

1.2



Section 2
THEORETICAL STUDIES

Preliminary theoretical studies were conducted to determine :the feasibility
of using a radiometer to detect internal blood flow in living tissue. These
studies also provided a method for selecting the optimum radiometer frequency for
detecting blood flow. The tissue structure was modeled by a planar layered medium,
of infinite lateral extent, because such a model allows for direct computations of
brightness temperature. The temperature of the layer representing the region of
internal blood fl~w was assumed to be indicative of the volume of blood flow. The
optimum radiometer operating frequency for detecting changes in blood flow was
determined by changing the temperature of this layer and finding the frequency at
which the largest change in surface brightness temperature occurred.

2.1 DIELECTRIC PERMITTIVITIES OF BIOLOGICAL TISSUES

The tissue structure was modeled by a planar layered medium of infinite
lateral extent. The five media, shown in Figure 2-1, used for the model were, in
descending order: the antenna, dielectriec, skin, fat, muscie and bone. The antenna
dielectric and bone layers were semi-infinite ir thickness. The thickness of the
skin layer was 0.3 cm, the fat layer was 0.5 cm, and the muscle layer thickness was
a variable in the model, Before surface brightness temperatures could be computed,

the dielectric permittivities of each layer needed to be specified,

Samples of lean beefsteak, representing muscle, beef bone, abdominal human fat,
and human skin were submitted to the Laboratory for Insulation Research, at the
Massachuasetts Institute of Technology, for dielectric permittivity measurements at
0.5, 1 and 3 GHz. The beef bone appeared to be taken near a joint and contained
little marrow. Measurements were made at two temperatures: 36°C and 40°C for the
beefsteak, bone, and skin, and 27.3°C and 42.9°C for the fat. The permittivity of
fat, at 36°C, was determined by a linear interpolation between 27.3°C and 42,9°C.
Addfitional info:vation was obtained from Pennock! on the permittivity of human skin,
fat, and muscle 4. 0.15 GHz and at a temperature of 37°C. The measurements, made at

2-1
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two temperatures, indicate that variations in permittivity with temperature is
slight over a range of 1°C, and Pennock's data at 37°C should not be significar*lv
different from measurementg made at 36°C., The permittivity of bone at 0,15 GHz
was determined by extrapolating the higher frequency data, noting that the varia-

tion of bone permittivity with frequency is slight,

Figures 2-2 through 2-5 show the complex permittivity, €'~ je', as a function
of frequency for a temperature of 36°C, By interpolating between the four data
points, the permittivity at any frequency between 0,15 and 3 GHz can be approximate .,
The error in all measurements was about 5%. One factor which could contribute tc
the permittivity of dead tissue being different from living tissue is the absence
of circulating fluids., Accordingly, great care was exercised in sealing tissue

samples against evaporation,

The antenna dielectric was chosen to match, as close as possible, the tissue
structure, while having negligibhle attenuation. To match the impedance of the
model, consisting mainly of muscle tissue, in which the real part of the permit-
tivity is high, the antenna should also have a large real permittivity, In order
to exhibit negligible attenuation, che sntenna imaginary permittivity should be as
small as possible, The antenua chosen to meet these requirements has a permittivity

of 30 - jO,015, Further details on the antenna are given in Section 3.

A parametric study was conducted during the report period t- assess the
influence of the antenna dielectric constant on tissue brightness te speratures. The

parameter involved in the study was fat thickness lying on top of wuscle tissue.

Figure 2-6 shows the results of calculations performed, using Prugrau LAYER,
at 725 MHz, A muscle tissue thickness of 7 cm was used in the model, The plots
show that, for a lean individuai witn a fat layer of 0,5 cm, the optimum dielcctric
constant is approximately 25, As the fat layer increases to 1.5 and 3.0 cm, the
loading material should exhibic dielectric constants of 7 and 2.5, respectively.
Since the peaks in the curves are fairly flat, considerable latitude should be
acceptable in the value of the dielectric constant; this is estimate at * 40%, for

a brightness temperature error of 50K.
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As mentioned above, the antenna furnished for the radiometer is loaded with
a material having a diélectric constant of 30. Based on the above criterion, this
antei na should furnish adequate absolute brightness temperatures on all individuals
exhibiting a fat layer of up to approximately 1.3 em. This is expected to encompass

a fairly large percentage of the male pupulation.

2.2 BRIGHTNESS TEMPERATURE AND EMISSIVITY OF LAYERED MEDIA

The brightness temperature, Tp, referred to herein, is a measure of power
being thermally radiated from the tissue layers upward into the antenna. The antenna
also radiates power downward. A measure of this power is the internal radiometer
temperature, Tp. A portion of Tp is reflected by the tissue layers back into the
antenna. The apparent temperature, T,, is a measure of the total power travelling

upward into the antenna and is given by,

T

A TB+RTR, oK (2-1)

where, R is the power reflectivity of the tissue layers. R is related to the

emisaivity € of the tissue-antenna structure simply by,

R = 1-8¢ (2-2)

The emissivity € can be found by assigning a constant temperature, T,» to the layered
medium, computing the brightness temperature, Ty, and then dividing Tg by To’ That

is,
e = Tp/T, (2-3)

Any T, can be used because TB is directly proportional to T, i.e., the relationship

between Tp and T, is linear.

The brightness temperature of a layered medium depends on the permittivities,
thicknesses, and temperatures of the various layers and on th- radiation frequency
and angle of incidence. With these inputs, a computer program LAYER (developed

during previously conducted work under Company sponsorship) can compute TB.

2-9



Computations at five frequencies (0,15, 0.5, 01725, 1.0, and 3.0 GHz) were
petturmed for two wuscle layer thicknesses ot 5 and 7 cm. The temperatures of the
layer interfaces weie, in descending c.der, 306.0, 306.5, 307.0, 309.0°K, as shown
in Figure 2-1, The temperature gradient within the layers was taken t¢ be linear.
Zero incidence angle was always used. Figure 2-7 shows the results of tiese computa-
tions. At the higher frequencies, radiation originating deep within the uscle
layer and from the bone layer is, to a large degree, attenuated by the time it
reaches the antenna. This explains the convergence of the curves for the 5 cm and
7 cm models at higher frequencies. The rise in brightness temperature, with increas-
ing frequency, is due to a better impedance match between the antenna and the remain-

ing layers at .higher frequencies,

2.3 SELECTION OF RADIOMETER OPERATING FREQUENCY

In selecting the radiometer operating frequency, the temperature of the muscle
layer was assumed to be indicative of the blood flow to be detected by the radiometer.
By changing the muscle layer temperature and noting at which frequencies the largest
change in brightness temperature occurs, the optimum radiometer frequency for sensing
blood flow changes can be determined. Computations similar to those described in
Section 2.2 were conducted in which the temperature of the muscle-bone interface
was varied in increments of 0,29, from 307%K to 311°K. The brightness tempera-
ture, Ty, varies linearly with the temperature of the bottom interface. The
change, ATp, in brightness temperature per change, AT,, in internal temperature
of the bottom interface is plotted against frequency in Figure 2-8. A maximum
is exhibited near 0.5 Gliz, with the curves being fairly flat over the region of
.15 to 1.0 GHz. The power attenuation through the various media varies directly
with the imaginary part, €', of the permittivity and with frequency. Figures 2-2
thiough 2-5 show that, at the luwer frequencies, ¢" displays a sharp rise which
causes the curves in l'igure 2-8 to fall off with decreasing frequency. At the
higher frequencies, where ¢" is fairly constant, the ATp/AT, curves also fall ofif

because of the dependence uf power attenuation on frequency.

Since the ratiu, (Tg/AT., is a maximum at a frequency of 0.5 GHz, this would

be an obvious choice of radivmeter operating frequency. However, it was felt that

2-10
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operation at such a low frequency would result in a rather large antenna aperture
and, hence, poor spatial resolution. Acccordingly, a search was conducted for a
clear region higher in the UHF spectrum, referring to the Federal Communications
Commission frequency allocations, The result of this work showed that the region
between 650 and 800 MHz was clear, except for the Channel 56 UHF TV channel at 723
to 728 MHz, It was, therefore, decided to set the radiometer operating »oand in this
frequency interval and provide a narrow-band rejection filter to eliminate any

possible interference from this television channel.

2-13



Section 3
RADIOMETER DESIGN
3.1 DESIGN OBJECTIVES

The design objectives for the microwave radiometer were as follous:

1, Operation at a fixed frequency, located somewhere in the range 3.5
to 5 GHz.

2., High temperature sensitivity - 0.06 degree Kelvin for a ten (10)

second output time constant (or 0,20K for a one (1) second time constant).

3. A manually controlled, movable RF head with a specially designed, small

waveguide horn antenna, and

4. A portable console containing the low frequency (video) portion of the

radiometer, and a signal processing and recording unit,

The above objectives have been realized with a reiatively lightweight and
portable system suitable for laboratory investigations of blood flow.

5.2 BASIC RADIOMETER CONFIGURATION

The basic configuration of this equipment is that of a load-comparison Dickez
radiometer. This configuration greatly reduces spurious noise signals, caused by
short-term receiver gain fluctuations, by shifting the post-detection signal spectrum
up from DC to a carrier which is above the highest expected gain variation frequency.
This is accomplished by modulating the RF signal, at a point between the antenna and
receiver, and coherently detecting this signal after the second detectcr. It can bde
shown that changes in radiometer output voltage, due to short-term variations in
receiver gain, are zero.

The modulating waveform is a 50%-duty-cycle square-wave; thus, the radiometer
dwells 50% of the time on the antenna signal and 50% of the time on a resistive
termination, commonly referred to as the reference load, This comparison between
the input signal and reference load is performed by a diode-type switch,



Figure 3-1 shows a photograph of the radiometer. The individual components
are shown labelled in Figure 3-2. A functional block diagram of the radiometrie
system is presented in Figure 3-3, Basically, the system consistr of an antenna;
internal calibration section; modulator switch (Dicke load-compa: 2on switch);

RF amplifier section; square-law detector/video amplifier unit; lock-in amplifier
with coherent detector and low pass output filters; and a signal processing and
recording unit, Further details, concerning these subdivisions, are presented in

Paragraphs 3.3 and 3.4.
3.3 RADIOMETER DESIGN AND PERFORMANCE CHARACTERISTICS

The design and performance characteristics of the radiometer are presented
in the paragraphs to follow in terms of minimum detectable temperature sensitivity

and other important data.
3.3.1 RADIOMETER TEMPERATURE SENSITIVITY

The minimum detectable temperature sensitivity of any radiometer is usually
expressed in terms of a unit signal-to-noise power ratio at the output of the
radiometer, This definition is based upon a number of parameters whose actual
values are referred to the input of the radiometer. These parameters include the
input losses, input noise figure, and the effective passband of the radiometer,

The minimum detectable temperature sensitivity, AT, is usually expressed

as follows:

{17, ]
AT = , 9K rms (3-1)
VBT
where,
k is a conatant depending on the character of the waveform employed for

input signal commutation; this is usually set at a value of 2 for
square-wave input chopping.

(FL-1) represents the effective receiver noise figure.
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Figure 3-1 UHF Microwave Rediometer
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F is the noise figure of the first detector (in this particular radiometer

it is the first RF amplifier).

L represents the sum of all the input losses, between the mouth of :.e

antenna and the first RF amplifier,
T is the ambient radiometer RF head temperature (°K).
T_ is the average apparent temperature seen by the antenna (oK.
B is the 3-db RF bandwidth prior to detection (Hz).

T 1is the radiometer output time constant (seconds).

In this design, the above parameters are as follows:

k = 2

F 3 2.4 db (numerical value = 1,74)

L = 2.2 db (numerical value = 1,66)

T, = 3119

Ta = 200°%K

B = 75 Miz at NASA-Ames., B = 119 MHz at Radiometric Technology, Inc.

From the above values it is possible to calculate the temperature sensitivity,

AT, for an output time constant of one (1) second:

2[(1.74 X 1,66 - 1) 311 + 200]

AT = s 0.18%K rus

455 x 106 x 1

For a 10-second time constant, the temperature sensitivity would improwve by

a factor of JI0 , or 3,16, Thus, for this time constant, AT = 0.12 = 0.06%K rms.

These sensitivities meet the original objective of 0,2°%K and 0,06°%, for time con-
stants of 1 and 10 seconds, respectively.
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3.3.2 OTHER DESIGK AND PERFORMANCE CHABACTERISTICS

below:

The other important radiometer performance characteristics are summarized

Operating RF center frequency

Antenna type

Dielectric constant of antenna

loading wmaterial
Antenna over-all dimensions
Antenna inside dimensions

Teflon antenna boot

Antenna and input losses

Type of RF amplifier

BRF amplifier gain (2 amplifiers)

RF 3-db bandwidth

Modulator switch switching wave

Output detector/amplifier

Input calibration method

RF head temperature

Output time cnnstants

793 MHz at NASA-Ames

735 MHz at Radiometric Technclogy, Inc.
Dielectric-loaded waveguide horn antenna.

30-30.015 (Emerson & Cumnings, Inc,
stycast).

2,220 X 1,142 in,
2,156 x 1,078 in.

1/32 in, teflon, dielectric constant =
2.1- jo.017.

2.2 db total.

Low noise transistor amplifier, operating
at ambient temperature. First amplifier

noise figure = 2,4 db.
23 + 43 = 66 db,

75 MHz at NASA-Ames; 119 MHz at Radio-
RF bandwidth
defined by bandpass filter,

metric Technology, Ime,

1,000 Hz 50%-duty-cycle square wave.

Square-law characteristic in detector.
Video amplifier integral with detector.

Amplifier gain = 20 db,

2-point calibration, at 0 and 53°K,

using noise diode source,

Stabilized at 311 % 0.59K after 45-

minute warm-up.

0.1, 0.5, 1, 35, 10 & 30 secs., and

Also, 1, 5, 10 & 30
msecs, These

are available in the Lock-In Amplifier unit,

external connection,

and external connection.
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Radiometer temperature sensitivity 0.18%K rus, for 1 sec., time conscant

0.06%K rms, for 10 sec., .im2 ronstant,

Radiometer absolute accuracy * 0.5%, at or near a null :t the input.
Signal processing and recording Analog-to-digital conversi‘n of radio-
method meter and temper-“ure probe inputs.

Recorded on 2-track incremeatal digital

magnetic tape cassette recorder,

Radiometer input power 115 VAC, 60 Hz, 2.5 amps.. including
heater,
Auxiliary instrumentation Antenna calibration box. Thermistor

temperature probes:
Surface temperature
Needle-tvpe temperature probe.
Rectal temperature

Air temperature,.
3.4 RADIOMETER DESIGN DETAIILS

The design aspects of the various subdivigions of the radiometer will be
discussed with reference to Figure 3-3, which shows the functional block diagram

of the system,
3.4,1 DIELECTRIC-LOADED WAVEGUIDE ANTENRA

A factor that affects the transfer of power from the human body to an open
waveguide antenna, connected to a radiometer, is the rather large disparity between
the characteristic impedance of the body and that of free space. If one were to
use a horn which is designed to produce efficient transfer of power from free space
into a waveguide, as a means for transferring power from the human body to the wave-
guide, one would be confronted with a somewhat large impedance mismatch,

The characteristic impedance Z,, of free space is equal to l“; = 37/ ohms.

K
o
The characteristic impedance Z, of muscle tissue, at 800 MHz can be determiicd from

the fact that its dielectric constant, K, is approximately 58 - j38, Substitu“ing
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this value of K into the formula for the characteristic impevance, it is found
that it is approximately one-seventh that of free space and that, because of the
finite conductivity, this impedance is not quite real. A more important factor
is that the impedance, Z,, of the body is relatively low compared with that of

free space.

If one were to design » horn, for transfer of power from a waveguide into
free space, and vice versa, and £ill it with s material ' . Ing a dielectric constant
of approximately 58 and, at the same time, dacrease the dimensions of the horn by
the factor /58, the horn would transfer power efficiently into a medium with a

dielectric constant of 58.

The dimensions of the waveguide horn would shrink by a factor of about seven.
Such a horn can be fed with a coaxial line, Since the characteristic impedance of
the waveguide, filled with a dielectric K = 58, would be about one-seventh of the
conventional waveguide, the interface mismatch between the 50-ohm coaxial line and
this device would be less than it is usually; thus the device for coupling a coaxial

line to this type of an anténna does not present a design problem.

The antenna designed for the radiometer reflects the above approach, Figure
3-4 shows two views of the antenna, It will be noted that the dielectric wmaterial,
used for loading the antenna, has a dielectric constant of 30 instead of 58. The
reason for this is that the supplier no longer has any materials with dielectric
constants greater than 30, This has not created any serious problem since the
exact value is not very critical, Voltage-standing-wave-ratio (VSWR) measurements,
performed on beef samples and the calves of several human legs gave readings of
1.5:1 to 2.4:1, depending on the thickness of the intervening fat layer.

Since the radiometer is a broad band device, the antenna bandwidth was made
slightly wider than that occupied by the radiometer, This was accomplished by

proper positioning of the end plate on the antenna and length of coupling probe.

Due to the very low loss tangent (0,0005) of the dielectric loading material,

the power loss through the antenna is almost negligible,
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3.4,2 RADIO FREQUENCY SECTION

The RF section of the radiometer consists of two parts:

1, The RF amplifier section lying between the Calibration Switcht and
Square-Law Detector, and

2. The radiometer Calibration Section.

All of the RF components have 50-ohm input and output impedances and are
interconnected with miniature semi-rigid 50-ohm coaxial cable. In many cases,
interconnections are accomplished directly with miniature SMA-type connectors
satisfying the requirements of MIL-C-39012,

1. RP Amplifier Section

Referring to Figure 3-3, after the signal from the antenna passes through
the Calibration Switch, it is applied to the microwave diode Modulator Switch.
Thia component is operated at a 1,000 Hz rate by a 50%-duty-cycle square wave
generated by an oscillator in the Lock-In Amplifier. Thus, the switch dwells one-
half the time on the signal and the other half of the time on a resistive termina-

tion, commonly referred to as the Reference Load.

A Phase Adjustment circuit in the Lock-In Amplifier permits correct phasing
of the 1,000 Hz square wave at the Modulator Switch so that its operation is
synchronized with that of the coherent detector in the Lock-In Awplifier.

The switch has an insertion loss of 0.7 db, a VSWR of 1.,35:1 and isolation,
between termina.s, of 70 db.

An isolator is located between the Modulator Switch and the low-noise RF
Pre-Amplifier to provide isolation, for the pre-amplifier, from impeds» . fluctua-
tions at the output of the Modulator Switch. The isolator provides 23 db isolation

and has a forward insertion loss of 0,3 db,

The RF portion of the radiometer is, basically, a sensitive fixed-tuned radio
frequency (TRF) receiver, It was not necessary to resort to a superheterodyne con-
figuration, in this design, due to the availability of low-noise solid state RF
amplifiers.
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BRF signal amplification and bandpass shaping is provided by two low-noise
transistor amplifiers and a bandpass filter. The first amnlifier has a noise
figure of 2.4 db and gain of 23 db., In the absence of the bandpass filter, the
amplifiers exhibit a rather broad 3-db bandwidth, from 590 to 830 MHz (240 MHz).
Although a broad operating bandwidth is desirable in a radiometer, fcr veasons
of improved temperature sensitivity, the lower end of this bandpass overlaps the
UHF television broadcasting band. Thus, to eliminate TV interference, a steep-
sided bandpass filter was added to the amplifier section., The filter 3-db band-
pass extends from 755 to 904 MHz (150 MHz); however, since the upper frequency
cutoff, in the RF amplifiers, is at 830 MHz the net passband is 75 MHz (755 - 830
MHiz). The bandpass filter provides 61 db rejection at 716 MHz (Channel 54) which
is the highest UHF TV frequency in the NASA-Ames area. Tests at NASA-Ames have
shown this amount of rejection to be adequate for proper operation of the radio-
meter, The insertion loss of the filter is 0.8 db, from 760 to 901 MHz.

It should be mentioned that, at t“e Radiometric Technology, Inc,, facility
a different bandpass filter and a band rejection filter were required to eliminate
UHF TV interference. The bandpass filter allowed a 3-db bandwidth of 119 MHz, in
the radiometer after rejection of Channel 56 with an interdigital-type band re jec-

tion f£ilter.

Table 3-1

RADIOMETER FILTER CHARACTERISTICS

The characteristics of all three filters are given in Table 3-1.

Filter 3-db Stop Band Ingertion VSWR
Type Bandpass Re jection Loss
(Miz)

Bandpass 61 db @ 716 MHz* 0.8 db from
(At NASA-Ames) 755 - 904 60 db @ 936 MHz 760 to 901 MHz 1.5:1
Bandpass (At Radio- 52 db € 660 MHz 0.8 db from
metric Tech., Inc.) 700 - 890 >70 db @ 625 MHz 720 ro bO5 MHz 1.,5:1
Band Rejection - 3 db from - 1.5:1
(At Radiometric 720 to 730 Mz,
Technology, Inc.) 60 db from

723 to 728 MHz,

—————

*Higheat interfering UHF TV frequency.
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It should be mentioned that, although UHF TV interference has been eliminated
through the use of the above filters, some interference is caused by fluorescent
lights. This is only present when the radiometer is being used in the normal
Operate mode and amounts to approxi.mﬁely 129K at the output of the radiometer.

»

Since this interference is relatively broad band and cannot be eliminated
by filtering, the radiometer should be operated only in areas where incandescent
lighting is available. Wherever possible, nearby fluorescent lights, in adjoining
rooms, should be switched off,

The second RF amplifier has a gain of 43 db and a noise figure of 4.1 db in
the passband used at NASA-Ames, The total RF gain, represented by the two RF
amplifiers and the intervening bandpass filter, is 65 db. The signal level at the
input to the Square-law Detector/Video Amplifier unit may be determined by calcula-
ting the noise temperature of the receiver and, then, substituting the result in
the equation,

P, ® kTBHB (3-2)

where,
Py = equivalent noise power

k = Boltzmann's constant

and B e receiver bandwidth

The noise temperature of the RF amplifier section, referred to the input
terminals of the first amplifier, may be calculated with the aid of the expressionm,

NT = (F-1)T (3-3)
vhere,
NT is the noise cemperature, °K

F  is the amplifier noise figure
and T 4is the ambient temperature of the amplifier, K,
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Now F = 2,4 db (1.74 numerical value)
and T = 311°%

Therefore, NT = (1,74 -1) 311 = 230°K

Now, k= 1.38Xx 102

and B = 75 x 10°

Thus, the equivalent noise power at the input to the first RF amplifier, is

25

P. ® 1.38 X 10°2> x 230 x 75 x 10°

* 2.38 x 10713 yatts

13

or P, ® 2,380 X 107~ milliwatts

P
Converting to dbm, where db = 10 log —& ,

P,
P, = 10(-13) + 10 log 2,380

® -130 + (10 X 3.376)

or PR s < 96 dbm,

With a total gain of 65 db in the amplifier section, the signal lewvel at the input
to the Square-law Detector is -31 dbm,

2. Square-Law Detector/Video Amplifier

The function of the Square-Law Detector/Video Amplifier unit is to
recover the low frequency components of the rcdiometer input signal and provide
output voltages that are proportional to input power. The tangential signal
sensitivity of the unit is -51 dbm. Thus, the -31 dbm signal level, calculated in
the preceding paragraph, is adequate for proper operation of the detector. This
input level does not overload the detector/amplifier unit. Other characteristics
of this unit are as follows:

RF frequency band: 600 - 800 MHs
Video Bandwidth: > 100 KHs
VSWR: 1.7:1
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3.6.,3 CALIBRATION SECTION

The purpoge of this portion of the radiometer is to provide a means of
establishing a zero baseline for all signal levels and to furnish a nonise tempera-
ture calibration signal, of known amplitude, so that output voltages may be
accurately converted to noise temperature, at the input to the radiometer, at any

point in a given time interval.

As shown in Figure 3-3, the Calibration Section consists, in part, of a
resistive termination (Base Load) connected to the input of the Modulator Switch
via a directional coupler and the Operate/Calibrate coaxial switch. When the
switch is in the Calibrate position, and the Noise Source is switched off, the
Modulator switch is operating between two resistive terminations at essentially
the same temperature - the Base Load and Reference lLoad - and the radiometer input
is at a null. This establishes the zero baseline for all signal and calibration

levels at the input of the radiometer.

When the noise diode is switched on, it generates a noise temperature, in
excess of the standard ambient temperature (290 degrees Kelvin) by a specified
number of decibels. Thus,

Excess noise temp. = db excess noise (numerical) X 290, °K (3-4)

In this particular radiometer, the excess noise capability of the noise diode
is 26,65 db, at a frequency of 800 MHz., This corresponds to a numerical value of
462,4, Thus, in this case,

Excess noise temp. ®* 462.4 X 290 = 1364,096°K

To determine the noise temperature at the input to the Modulator switch, it
is necessary to take into account signal attenuation, by the intervening lossy com-
ponents, and re-radiation by the components at their ambient temperature. This is
accomplished through the use of the well-known expression,

Teo ® —Tl:‘i- . T(l--::-), og (3-5)
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or, Tgo = T * (TNi - T) -~ . % (3-6)

where,
TNo is the noise temperature at the output of the lossy component
TNi is the noise temperature at the input of the lossy component
T is the thermodynamic temperature of the component

and L is the attenuating loss through the component.

The lossy components consist of the fixed attenuator, interconnecting coaxial
cables and the Operate/Calibrate coexial switch. The directional coupler .nvolves
a 20 £ 1 db coupling loss, with negligible insertion loss. Listed below are the

attenuation values of the lossy components:

Fixed attenuator 16 £ 0,5 db
Interconnections and
coaxial switch 0.3 db (estimate)

Using Equation (3-5) iterative calculations were performed to determine the
output noise temperatues of the above components, allowing a 20-db nominal coupling
loss between them. The result is a noise temperature of 55°K at the input to the
Modulator Switch. As discussed in Section 3.5, the value derived from over-all
radiometer calibration, using a standard hot-cold noise generator, was 53.1°%K. The
agreement is rather close between the calculated and derived values. This indicates
that the error involved in using nominal losses for the attenuator and directional

coupler, and an estimate for the remaining losses, was fairly small.

The above method of generating an internal calibration signal is simple and
reliable, particularly if the ambient temperature of the components is held withir
close limits over the periods of time involved in radiometric measurementa. As
stated in Section 3,3.2, the BC head temperature was stabilized at 311 * 0,5°K during
measurements performed with the radiometer.

It is worth observing that good long-term stability and absolute accuracy
are dependent on close control of RF head temperature. The above uncertaincy of
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+ 0,5 can be largely reduced through the use of a proporticnal temperature con-
troller with finer resolution and the application of a thicker layer of insulation
on the inner walls of the RF head., Calibrati... signal stabilitv can also be
improved by keeping the DC power on the noise diode continuously and placing an

on-off switch between the fixed attenuator and directional coupler.
3,4.4 LOCK-IN AMPLI: IER

The Lock-In Amplifier is a standard fixed frequency commereial unit furnished
by Princeton Applied Research Corporation. Their Model 120 is used in the radio-

metric system,

Lock-in amplifiers are used widely in radiometry due to their ability to
measure very small changes in amplitude in slowly varying AC signals, which are
usually obscured by high amplitude noise., In Equation (3-1) the noise temperature
of a radiometer is expressed by the term (FL-1)T,. The value of this term is 588°K
in this radiometer. Wit» 1 10-second output time constant, the radiometer is capable
of measuring changes of 0.06°K. This represents 0,01% of the noise temperature of
the radiometer. Clearly, the lock-in amplifier performs a very importunt function

in the over-all system,

This unit provides ten (10) selectable output time constants, from 1 msec.
to 30 seconds and a connection for external low pass filters, It also furnishes
the 1,000 Hz 50%-duty-cycle square wave, and a phasing control, for operation of the
radiometer input signal Modulator. The % 45 degrees of phase shift, available in
the phasing control, permits easy synchronization of the Modulator Switch and
coherent detector located in the Lock-In Amplifier.

The full scale sensitivity of the Lock-In Amplifier is 100 microvolts, It
has a 24-hour stability of  0.2% of full scale.

5.4.5 RADIOMETRIC DATA SYSTEM
The Radiometric Data Acquisition System (RDS) was designed tc acquire,

digitize and record data from the microwave radiometer. Data is stored on conven-
tional Phillips magnetic tape cassettes,
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The electronics and the cassette recorder are housed .n a portable cabinet.
The system can output its data tc a local teletype or to a remote computer using
a Bell 202C data set.

This Section describes the system, its accuracy, data storage capac’ty arnd
modes of operation.

The RDS has been designed with modern integrated circuits using 7400 sevies
TTL with some medium scale integrated circuits to minimize the component count,

All units are standard plug-in components to facilitate field repair when necessary.

All data is recorded in a serial digital format which confnimy to the ASCII

standard for asynchronous data.

Each character is recorded serially on an incrementul cassette recorder which
always records the bits of each character at its maximum bit rate. The model 133
tape recorder accepts a 300-frot certified Phillips cassette and records both the
data and the data complement on two tracks Far . IJundancy.

The RDS system block diagram is shown in Figure 3-5, which shows the inter-
connections of all major compcnents., This des~ription will explain the interaction

of the major components,

Radiometer -~ The radiometer outputs a signal which has a full scale range of zero
to +10 volts but uses a smaller portion of that range during actual data
acquisition, An output variation of 0.1°K corresponds to a 10 millivolt (mv)
change in output voltage.

The RDS is designed to have an absolute accuracy of ¥ 2 mv and a resolution
of 1 mv., A peak-to-peak noise output of 60 mv must be averaged to detect the
desired 0.1°K changes in radiometer output.

Analog to Digital Converter (ADC) - A 16-bit decimal, integrating ADC was selectied.
The unit employs very stable voltage-to-pulse count conversion with a basic
accuracy of 0,01%, In order to integrate interfering 60 Hz noise, the unit
integrates each data sample for 16,7 ms,
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The ADC has a high impedance differential amplifier which is preceded
by an operational amplifier, used for voltage scaling to accommodate the 0
to #+10 volt radiometer output signal. Normally, the radiometer is connected
to the ADC and is constantly being digitized at one of the four rates (1, 2,
& or 5 samples per second) selected by a rotary switch located on :le main-
tenance panel. An operator can connect the radiometer, energize the RDS and
make any adjustments that are necessary while watching the ADC output.

Analog Multiplexer - Solid state differential multiplexing is used in the RDS to
connect thermistors and calibration voltages to the ADC. A 16-channel analog
multiplexer is used with a 2-channel multiplexer; the latter is shown as a
circular awitching symbol in the block diagram. Whenever the RDS user selects
Temperature (T) (ref. T+T line to system control) port #1 is connected to
port #2 and the Analog MUX (16-channel umit) is connected to the ADC.

System control advances the Analog MUX through its 16 positions in
response to a start command when (T) is selected, or one 3tep at a time in the
TEST mode. The section labelled Analog MUX also contains the constant current
generator that forces 237.9 microamperes through the thermistors as each one
is connected. Each thermistor is nominally 1,471 ohms at 35°C, which is
displayed as 0.350 volts on the 4-digit display.

MUX Select Logic - The Mux Select Logic (MSL) operates under the direction of System
Control (SC) to deliver the correct binary address to both the analog and
digital multiplexers. Logic within the multiplexers accomplish decoding from
binary to 8 lines or 16 lines,

System Control - The system control (SC) logic containg the logic microprogram to
operate the system in the following menmner.

In response to a start command, the RDS records the eight digital words
fnputted to the digital multiplexer as 16 ASCII characters. If T is selected
the 16 analog MUX inputs are also digitized and recorded,® SC then proceeds

e
*Beader and T data are recorded at 60 characters per sscond regardless of the
sampling rate selected,

3-.20



to record radiometer samples at the selected sampling rate until the number
(0-99) of samples specified by the (R) thumbwheels have been digitized. SC
finally ends the data sequence and lights the RDY light,

If slope (S) is selected, the RDY light is mot lit as long as the radio-
meter input is varying by more than the slope limit (ref. SET SLOPE). As soon
as the radiometer has stabilized (NOSLOPE) SC lights RDY and the sequence can
be started. The SC uses a precision 600 KHz crystal oscillator which is con-
tained within the ADC unit as its basic logic timing reference.

SC accepts digital sampling rate (DSR) and output data rate (ODR) signals
from the timing section. It uses these signals to derive the correct character
writing rate for the character formatter and the conversion rate which is one-
fourth of the former (i.e. there are four characters generated for each sample

conversion).

SC receives an inhibit signal from the maintenance panel when the recorder
is being tested (RECTEST). This causes SC to inhibit its normal cycle when
START is depressed. SC creates a signal called "replace cassette® which it
derives from the situation where the RDS is in the record mode and End of Tape
(EOT) is sensed. The operator recognizes this condition by observing EOT with
the tape recorder in the record mode and takes the appropriate action by
replacing the cassette.

Writs CQaracter Formatter - The write character formatter (WCF) accepts 4-bit BOD
characters and adds the correct 5, 6 and 7th bits to make each character con-
form to ASCII format. Each character received by the recorder is then
converted to an 8-bit word with odd parity by the R133 recorder,

Whenever the ADC is presented with an overscale input (>9.99v) it records
a question mark for the most significant digit (?XXX). When receiving data
from the digital multiplexer it accepts 8-bit data words and demultiplexes
them into four bit bytes, adds the correct three most significant bits and
records the resulting 7-bit word.
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Cassette Bescorder - An incremental, serial cassette recorder Model #133 manufactured
by Memodyne is used as the data storage element. Its salisnt characteriatics

are:
Tape length 300 feet
Bit Packing Density 240 Bpi
Storage Capacity 72,000 - 8-bit characters
ReadAirite speed 60 char/sec.
START/STOP Time 3 ms and 7 ms (resp)
No. Tracks Two
Record Format NRZ1 - redundant
Error Rate 1 bit in 107

Ali commands to, and data formatting for, the R133 are accomplished in the RDS
logic. The only function that an operator can perform directly on the transport
is rewind and this is done automatically when the cassette is inserted.

Casaette Recorder Control (CRC) the CRC is the control interface to the R133 and
operates with the character formatter to control the recorder and to output
data. CRC conditions the E/BOT and RUN signals from the tape recorder and the
clean tape (CT) signal derived from the read character formatter.

Read Character Formatter (RCF) -~ The RCF accepts parallel chgracters from the R133
recorder which assembles each group of 8 bits into a parallel.output. RZF then
adds a start and a stop bit to the character and outputs the data as a serial,
BS-232 compatible, character to either a Bell 202C modem or a teletype at one
of the selected playback rates.

Although the playback character rates are 10, 30 and 60, their correspond-
ing baud rates are not uniform multiples because the teletype (model ASR-33)
requires a 110 baud output. The rate requirements are listed below,

Character Rate Baud Rate
Rate 1 10 Hs 110
Rate 2 30 He 300
Rate 3 60 Hz 600
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Rates 2 and 3 involve 10-bit characters with one start and one stop bit while
Rate 1 requires 2 stop bits. While the 300 and 600 character per second rates
are derived from a crystal oscillator, the 110 baud rate is produced by a
small auxiliary oscillator as shown in the block diagram.

Clean Tape logic - When the RDS is used to playback data from a cassette that is
not completely full, it is desiradble to terminate the transmission as soon as
possible to minimize playback time., In order to do this the RCF has “"clean
tape" logic which operatez in the playback mode and detects the fact that the
playback head is now looking at clean tape,

The clean tape logic useg the fact that a read start pulae is not followed
by tape clock signals when the tape is clean. At any playback speed the tape
clock pulses will occur within 3 milliseconds of the start pulse so the logic
for clean tape is:

CLEAN TAPE = TAPE CLOCK for Approx. 10 ms

The effect of clean tape (CT) is to extinguish the run mode by clearing the
run £lip-flop.

Maintenance Panel (MP) - The MP contains the necessary controls and displays to by-
pass the RDS front-cnd in order to record a test character on tape. There are
also eight data lights to display characters that can be read one at & time
while moving forward or backward.

The recorder test switch REC TEST contained on the MP is used to place
the system in that mode. This control snd the sampling rate aelector are
really syatem function switches but are located on the maintenance panel to
simplify the RDS front panel,

Timing Sectfon (TS) - The TS containg the necessary frequency divider logic to reduce
the 600 Kz reference clock signals to pulse rates which are applicable to the
BDS operation., Sampling rate selections are made by selecting rates which
exist in the TS logic. The TS logic also transmits the correct data sampling
rate (DSR) and rutput data rates (ODR) to the SC,

3-23



Data Storage Capacity - The RDS can record 72,000 asynchronous charactars on one
300-foot cassette. Since a fixed-length header is recorded prior to each
data record, and the number of temperatures and calibration points are fixed
when selected, an equation can be developed to describe the RDS data storage

capacity.

A convenient parameter is the number of data blocks where one block is
defined as all o the data between two headers,

72 X lt'3 characters
N

168 + Z AR, + 64T,

nel

No. of Data Blocks =

In the above expression, the variable R, can be 1 to 99 for each value of n.

The value of R is determined by two thumbwheel switches labeled R that are
moynted on the RDS front panel. A single toggle switch marked T and T deter-
mines the value of Ty, as 0 or 1, The minimum number of data blocks that can

te recorded is given by the case where the user alwvays selects temp. and 99
radfometer samples. A "more-likely" case is where the user selects the tempera-
ture (T) data ten percent of the time and records 20 Jata points. Both values
are calculated as follows:

72 X lo3 - 72 X 103
N(16 + 396 + 64) 476N

(No, of Blocks)npi, =

The largest integer value for N ® 151 which gives:

(No. of Data Blocks.m) ® 151

72 X 10°
168 + N (64) + 4(20) 8
10

(No. of Data Blocks) ave ®

72 x 103
102,408

{No, of Data Blocks) ave ™ 700
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3.5 RADIOMETER CALIBRATION

The purpose of the radiometer calibration was to determine the relationship
between output voltage and input noise temperature, to assess the linearity of the
radiometer response, to calibrate the internal noise tube, and to measurc radiometer
sengitivity., A hot-cold standard noise generator was used in the calibration. The
noise generator uses two resistive elements, one immersed in liquid nitrogen (77.3°%K)
and the other mounted in a temperature-controlled oven (373,29K)., The output of the
noise generator was connected to a variable attenuator via an RF cable. The antenna
was removed and an RF cable from the variable attenuator was connected directly into
the radiometer. The radiometer input brightness temperature, Tp, can be computed
using the radiative transfer equation,

\ -y/lo)
Tt = T * (Tin-TL/ (10 (3-7)
where,
T ® resistive load input brightness temperature (%K)
T, = resistive load temperature (9K)
Tout = resistive load output brightness temperature (oK)

Y = resistive load attenuation (db)

Initially, setting T;, equal to the brightness temperature of the noise generator and,
given the temperatures and attenuations of the three loads, consisting of two RF
cables and variable attenuator, Equation (3-7) can be solved iteratively for the three
loads to yield Tp.

The calibration procedure was to record,
1) The temperatures of the two RF cables and variable attenuator
2) The variable atternuator setting and

3) A series of 100 radiometer output readings (measured in volts) at
a rate of one reading per second,
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An average V , and rms variation AV, of the 100 readings was then found. Peri-
odically, the radiometer was switched to the Zero and Catibrate modes. In the

2aro mode the radiometer was looking at the internal base load, and in the calibrate
mode it was looking at the internal noise tube, A8 in the operate mode, 100 read-
ings were taken and V,, AV,, V., and 4V, were found, Figure 3-6 shows (V _-V.)
plotted against Tp which was computed from Equation (3-7). Each point corresponds
to a different variable attenuator setting for which V, was measured. v, vas
essentially constant, varying by less than 1%. The radiometer response is very
linear. Since we were particularly interested in the radicmeter response at the
higher temperatures, a linear fit, based on a least-squares approximation, was found
using the niné points corresponding to the nine highest Tp's. The fit was,

Vo-V, @ 0.05372 T, - 16.57 * 0.01 mwv (3-8)

where, ¥ 0,01 mv is the rms deviation from a straight line, Noting that the range
of Ty over the nine points was 709K, the uncertainty in the slope of the line is
0,01 mv/70°K. The gain, G, of the radiometer is given by the reciprocal of the slope:

G = 18,62 % 0,05 °%K/umv (3-9)

The difference (V¢ -V,) during the calibration was 2.85 mv, Multiplying this figure
by the gain gives the amplitude of the pulse from the noise tube in 9K, The noise
tube calidration pulse was 53,1 * 0,1°K, Assuming this pulse stays constant, the
figure can be used in subsequent experiments to determine 'l‘B by means of the equation,

V.-V
T. = 53,1 _.Q.._l_) -10
B Voo vy * Tbale (3-10)
where,
T

base is the temperature of the base load,

The sensitivity, ATy, of the radiometer is defined as the rms fluctuation of
the radiometer output, in the absence of an input signal, in °K rms.

3-26



4 _

-xor -
-IZ M
80 100 40 180 220 260 300 340 380

mwmsmmmrs-%

DIFFERENCE OF OPERATE AND ZERO MODE OUTPUTS (Vo= Vo) - MILLIVOLYTS

Figure 3-6 - Radiometer Calibration Data

3-27



ATg = GAV,, °K ms (3-11)

ATgwas found to be close to 0.05% in the calibration experiment, in which a 10-
second time constant was used.

3.6 DATA REDUCTION

The radiometric data acquisition system (RDS) acquires and digitizes data on
magnetic tape using a conventional Phillips data cassette . All data is recorded
in a serial digital format which conforms to the ASCII standard for asynchronous
data. The data is grouped into 'rupd’, with carriage return and line feed characters
separating the runs, Each run consists of the following data:

(1) Number of radiometer samples (1-100)

(2) Bxperiment number (00-99)

(3) Sampling rate (1, 2, 4, 5 samples/sec)

(4) Status (specifies radiometer mode and if temperatures were recorded)

(5) A 4-digit number (for specifying time, attenuation, or other perti-
nent information)

(6) Thirteen temperature probe measurements (if recorded)

(7) Series of radiometer samples,

The processing of this data was performed through National C8S, a time-sharing
computer hetwork using five IBM System 360 Model 67 processors.

The existing NCSS software PIF1LE, used for inputing asynchronous data,
required that a carriage return and lipe feed occur after every 140 char.cters, or
less,. This constraint required that the data recorded om the cassette first be
editted, Because the cassette could not be stopped in playback mode, a copy of the
data wad generated on punched paper tape by playing the cassette into a model 33
teletypewriter, This punched paper tape was then played back into the teletypewriter
to generate a second punched paper tape. During thia second playback, the paper
tape reader was interrupted after every 100 characters or so, and carriage return
and 1ine feed were manually typed in., These two additional characters appeared on
the sacond punched paper tape, making it compstible with PTFILE.

3-28



The editte " paper tape was read into the computer on file INPUTl, INPUT]
consisted of a series of records, each record corresponding to the data that was
sanduiched between sets of carriage return and line feed characters, Using an
NCSS edit command, the character "!" was inserted at the end of the data in each
record., The Fortran program SETUPl was then run. SETUP1 reads INPUT1, checks for
errors in the formatting of the data, and blocks the data into Sseparate runs on
file INPUT2., File INPUT2 is then read by Fortran program SETUP2 which checks for
bad characters in the data field, Any bad characters are deleted and the remaining
data is read onto file INPUTS.,

Fortran program RADIOM, along with associated subprograms RADEMS and PBIEMP,
then read INPUI3. Thirteen titles, each consisting of 40 characters u. less, are
next inputed from the teletypewriter console into RADIOM. These titles serve to
fdentify the thirteen temperature probes. RADIM converts the temperature probe
voltages to °C, finds the mean and rms values of the series of radiometer samples,
determnines how well the samples agree with a random process, using the chi-square
test, and uses Equations (3-10) and (3-11) to compute the apparent temperature T,
and rus noise AT,, based on previous zero and calibrate mode readings. This infor-
mation, along with items 1 through 5 listed on the previous page, is printed out as
shown in Figure 3-7 , RADIOM also outputs onto file 03 the probe temperatures
and, onto file Oh, the mean and rms values of the radiometer samples and the chi-
square test resylt. Listings of programs SETUP1, SETUP2, RADIOM, and subprogram
PBTEMP snd RADEMS are in Appendix A,
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® @ & RDS READ OUT @ o ®

EXPERIMENTY NUMRER = 7
TIME = 04122)

RADIOMETER IN OPERATE MODE
TEMPFRATURES RECORDED

SAMPLE RATE = 1/SFC
NUMBER OF RADIOMETER SAMPLES =100

RDS CALIRRATION
ZERO PROBE SCALE FULL SCALE
e 2352 9997

PRORE TEMPERATURES (DE6 ©)

Rl s ROAM AR s 25,6 C
R2 = BASE LOAD s 374 C
R3 = RECTAL s 36.4 C
Re » RIFPHTSURFACE s 37,0 C
RS = LE, + SURFACE s 26,3 C
R6 = RIGHT ONE INCH DEEP s 37,9¢C
R7 = RIGHT ONE=MALF INCH DEEP s 37.9C
R8 = NOISE SOURCE INPUT PORY o J4.5¢C
R9 = RIGHT SUBCUT, = 37,3 €
R10 = LEFT ONE=HALF INCH DEFP s 27,8 C
R11 s LFFT SURCUT, s 20,2 ¢C
R12 = LEFT ONE INCH OEEP s 27,5 C
R13 = ROOM AlIR s 266 C

NEAN RADIOMETER OUTPUY = 2962,.5
RMS DEVIAVION = 14,1
CHMI~SQUARE TEST = 0,263E 00

APARENT TEMPERATURE = 305,57 DEG X
RMS NOJSE = 0,15 DFG K
BASED ON CALIBRATION AT TIME = 04310

Figure 3-7 - Sample Computer Printout of Radjometric and Temperature Probe Data,
for Final Dog Experiment
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Section 4
TEMPERATURE MEASUREMENTS ON DOGS

4.1 MEASUREMENTS ON FIRST DOG

An investigation was conducted on a large mongrel dog, at the New England
Medical Center Hospital, to attempt to determine the relationship between blood
£low and surface and subsurface temperatures. This work involved the radiometric
data system (RDS) only, with a variety of temperature probes and a flowmeter; the
radiometer proper was not employed in these initial observations, Dr. W. Carney,
of the Hospital ataff, assisted with this experiment,

The dog was anesthetized and the following temperature probes were installed
in the inner thigh of each hind leg: surface, subcutaneous, 0,95 cm deep and 1.9 cm
deep. The dog's abdomen was opened and a Carolina Medical Electronics, Inc., square-
wave electromagnetic flowmeter was attached to the right iliac artery, leading to
the test leg. The right iliac was then clamped shu* and temperatures were recorded.

The results are shown in Figures 4-1 and 4-2, 1t should be noted that the
initial downward trend of temperatures in both legs is mainly due to the cooling
effect of the laboratory air conditioner; the room temperature had ricen to a level
of 82°F, The important feature, in tlhe four pair of plots, is the difference in
temperature between the reference and test legs, Thus, after 0.5, 1,0 and 1.5 hours,
the drops in the cest leg temperatures were as listed in Table 4-1.

Table 4-1

TEMPERATURE DROPS IN TEST LEG

Probe Depths After 0.5 hr, After 1 hr, After 1,5 hrs,
# 1.9 cem 0.65°C 0,70°C 0.90°C
0,95 em 0,60 1.05 1,50
Subcut, 1.70 2,40 3.20
Surface 0.80 1,60 - 2,00
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The above data shows the largest drops in the subcutaneous probe, with the
surface probe being the next largest. The drops at the 0.95 cm depth are not too
far removed from those at the surface. It should be noted, however, that ccllateral
circulation would tend to compensate, to a ccnsiderable extent, for blood cutoff in

the iliac artery. Thus, the above temperature drops are quite encouraging.

It is difficult to explain the continued increase in test ieg temperatures,
for the 0.95 cm and subcutaneous depths, after 11:45 am; the corresponding refer-
ence leg temperatures were decreasing after this point in time. It appears that
the increased blood flow had a greater effect at these depths than at the surface
and 1.9 cm depth,

Unfortunately, the readings lurnished by the electromagnetic flowmeter were
somewhat erratic; thus, the blood flow in the right iliac could not be determined.

4,2 MEASUREMENTS ON SECOND DOG

A large mongrel dog, similar in size to a German Shepherd, was anesthetized
and prepared for nighttime radiometric observations, after the WF TV stations had
gooe off the air, to avoid TV interference with the radiometer. Temperature probes
were installed in the thighs of the hind legs as follows: surface, subcutaneous,
1.3 cm and 2,6 cm. Instead >f clamping off *the right iliac, as in the experiment
described in the above Paragraph, a tourniquet was applied to the upper thigh of the
right leg. It was expected that this would reduce collateral circulation and the
flow in the arteries would also be smaller; it was also expected that a faster
temperature vesponse would be achieved. A Statham Model M-4001 Square-Wave Electro-
magnetic Flcumeter was arranged for use in this experiment. Dr., W, Carney was in

attendance during this investigation.

Prior to applying the tourniquet, voltage standing wave ratios were measured
with the antenna disconnected from the radiometer and placed on the dog's right leg.
The average value was 2,6: 1, across the radiometer bandwidth. It can be shown that,

for this value, the antenna power transmission is 0.8 (see Section 5.2).
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Following this procedure, the antenna was re-installed on the radiometer and
placed in close contact with a cleanly shaven area near the probes on the rig t leg.
Temperatures were, next, recorded on both legs and the tourniquet applied as .- ghtly
as possible to the upper thigh of the right leg. Radiometer readings were taken and
temperatures recorded for a period of 30 minutes. Figure 4-3 shows that the resultant
radiometer apparent temperatures dropped 1.79K during this period. Thermodynamic
temperature changes, recorded during this period, are listed in Table 4-2.

Table 4-2

TEMPERATURE CHANGES IN REFERENCE ANC TEST LEGS

Probe Ref. leg Test leg

Depths Temp. Change Temp. Change
(30 min.) (30 min.)

2.6 cm - 0.5°C - 1.1%

1.3 cm - 0.4 - 2.1

Surface No reading - 2.1

(probe fell off)
Room temperature change: + 0.4°C

Many more readings were taken over a period of 5.5 hours; however, unfortu-
nately, all of the data was lost due to numerous spurious characters recorded by
the radiometric data recording system (RDS). This was caused by overheating of the
magnetic tape recorder. The above sample data was recorded manually from the RDS
display. Based on these results, it is probable that the radiometer sensed subsur-
face temperature changes from a depth of, at least, 1.3 cm.

The flowmeter probe was applied to the femoral artery and wein in the test
leg, during the above observations, A rigid plastic tube was placed around these
blood vessels and the tourniquet was placed over the tube and around the thigh of
test leg.
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Figure 4-4 shows the “oumeter readings versus time. The tourniquet was
applied at 5:25 am; however, the flowmeter did not show any drop in blood flow
until the femoral artery was clamped shut at 6:25. When the clamp was opened 5
minutes later, the flowmeter readings gradually rose to a rather high value of 108
ml/min., and then began dropping to 66 ml/min., with no other changes made in the
experiment setup., Due to the unpredictable nature of the raaings, the floumeter
was not used in any furtler measurements.

The discouraging results obtained with two different flowmeters suggest that
other methods he explored for use in correlative blood flow measurements. It is
understood that radioisotope techniques could provide useful information on blood
flow for this type of experiment,

4.3 MEASUREMENTS ON THIRD DOG

A large black Labrador male dog, weighing 57 1b., was used in this experiment.
The dog was anesthetized with 11 cc of pentobarbital and four (4) temperature probes
were attached to, and inserted in, the thighs of each hind leg. Dr. H.H. Miller was
in attendance. The right hind leg was chosen to be the test leg. A temperature
probe was inserted in the esophagua.

The radiometer was used in making weasurements on the test leg; however, due
to excessive UHF TV interference, none of the radiometer data was of any value.
Nometheless, the extensive temperature readings, taken during the course of the
experiment are of some interest,

Figures 4-5 and 4-6 show temperature readings for various events throughout
the 6-hour experiment. Referring to Figure &4-5, it will be noted that, during a
36-ninute interval, following clamping of the femoral artery in the test leg, the
only significant temperature drop occurred at the surface of the leg. After a tour-
niquet was applied to the leg, there was a drop of 1,4°C at depths of 1.3 cm and
2.5 cm, over the next 39 minutes. It will be noted that the subcutaneous and sur-
face temperatures increased 0.6°C during this period; this is probably because the
room temperature rose by 2.5°C in this interval,
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Following release of the tourniquet and femoral artery clamp at 5:23 am, the
surface, 1.3 and 2.5 cm temperatures rose steadily by 3°C over the next 32 minutes;
however, the subcutaneous temperature rose only about 0.4°C during this time. It
is difficult to explain the latter, except that the blood flow could have been

relatively limited in the subcutaneous region, thus retarding a rise in temperature,

Figure 4-6 shows a continuation of the temperature data, obtained under some-
what different conditions, involving the use of a tourniquet, femoral artery clamp
and icebag containing an ice-alcohol mixture. Unfortunately, this plot has a data
gap in it, due to some equipment problems; however, the etfect of the icebag is
evidently quite pronounced at the surface and all depths between 7:23 and 7:47 am.
The temperature reduction is greatest, of course, at the surface of the test leg
and becomes progressively smaller at the subcutaneous, 1.3 cm and 2.5 cm depths,
respectively, This is understandable since the effect of a cold body, placed on the
surface, would tend to be reduced with increasing depth, due to the thermal insula-

tion afforded by the intervening tissue.

When the icebag was removed, at 7:47 am, the surface and subcutaneous temp-
eratures began to rise while the 1.3 and 2.5 cm temperatures continued to drop for
a few minutes, This lag, in reversing the downward trend in temperature, is greater
at the 2.5-cm depth, The temperature at this depth finally began to rise 19 minutes
after the icebag was removed and 3 minutes after the tourniquet was removed. Thus,
the restoration of normal temperatures at depths of 1.3 and 2,5 cm was relatively
glow until full circulation was permitted by the removal of the tourniquet., This
indicates that very little, if any, collateral circulation was permitted by this

device.

The above data shows that an ice mass can be employed quite effectively in
establishing conditions suitable for investigations of the heating effects of blood
flow at different depths in the body. This technique can be readily and safely
adapted to blood flow investigations in humans wherein a microwave radiometer is

employed in sensing subsurface temperatures,

Alternatively, a heat pulse could be applied, at the location of interest,
with the radiometer measuring the time taken to cool that area. 1Ir this connection,
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an interesting experiment is described in Reference 3. The technique involves
applying a heat pulse to the skin and measuring the rate of blood Ifiow with the
aid of two thermistor sensors placed a known distance apart. This method could

furnish useful correlative data during radiometric observations.
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Section 5

RADIOMETRIC OBSERVATIONS

5.1 INTRODUCTION

As discussed in Section 4, early attempts at obtaining radiometric data, on
phai.tom models and blood flow in dogs, were thwarted by excessive externally
generated interference. To determine the exact frequencies of the interfering
signals, a survey was conducted, in the laboratory and at the New England Medical
Center Hospital, using a sensitive spectrum analyzer. Based on information obtained
in this manner, suitable bandpass and band-re jection filters were specified and
purchased for the radiometer. These included a bandpass filter for use at NASA-

Ames, The characteristics of these components were described in Section 3,

Following incorporation of the filters, the radiometer performed satisfacto-

rily for phantom measurements and observations on dogs.

5.2 PHANTOM MEAS UREMENTS

Two phantom models were established and measurements were performed on them
in the laboratory. Data obtained from the first model indicated an excessive amount
of outside RF interference and no conclusive results were obtained., The second
phantom, shown in Figure 5-1, was entirely enclosed in a double layer of aluminum
foil to eliminate any possible interference. To prevent evaporation the beef fat
and lean beef were also wrapped in Saran Wrap. Four temperature probes were
inserted at the various depths shown. Radiometer observations were made concurrently
with temperature probe measurements as current was gradually applied to both heaters.
A 10-gsecond time constant was used, and 100 samples were taken, at a rate of 1
sample/sec., for each radiometer observation, During a 30-minute period, shortly
after the beginning of the experiment, a partial short in the heater resulted in

the radiometer measurements being in error.
The results of these measurements are shown in Figure 5-2, The highest

temperature throughout most of the 2-hour period was shown by a probe at a depth of

5.1 cm, which was the closest to the heaters. Enclosing the phantom in aluminum
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foil resulted in much o® the heat convecting up the sides to the top surface., This
caused the surface temperature probe to be warmer, a: times, than the 1.9 and 3.8
cm-deep probes, TIhz short-dashed ?A curve in Figure 5-2 is the measured radiometer
apparent temperature given by Equatior (3-10), 1he layer depths shown in Figure

5-1 and the four probe temperatures, given in Figure 5-2, were inputted into pro-
gram LAYER, discussed in Section 2, along with the appropriate dielectric permit-
tivities; theoretical brightness temperatures, Tp, and reflectivities, R, were thcn
computed. Equation (2-1) was then used to derive theoretical apparent temperatures,
shown by the long-dashed curve in Figure 5-2. The agreement Letween the measured
and theoretical apparent temperatu:es is exczllent, Ccnsidering the uncertainties
in specifying « rmittivities and temperati're profiles in the layers, and the fact
that the phanitcm did not have an infinite cross-section (in fact, the phantom cross-
section is only a fraction of ¢z fre» space wavelength), the small 1°K offset

between theory and measurement .s remarkable.

The effec.ive temperatuie, T,, of a layered medium can be defined by an

equation analogous to Equation (2-1).

T, = (1-R)Tg *+ RTg (5-1)
or,
T, = Tg/ (1-R) (5-2)

The reflectivity. R, can be determined by measuring the voltage standing wave rstio

(VSWR) denoted by S.

4S
(s +1)?

The transmission T is defined as

T = 1-R (5-4)

and is plotted versus S in Figure 5-3,



Y T T T B T T 9
-
-

- -

=

o

; -

/]

[ ]

=

é

o

&

& -t
0.3 -
0.2 -
C.1p -

o] 1 " 1 1 % 1 1
1 2 3 4 5 6 7 9 10
VOLTAGE STANDING WAVE RATIO
Figure 5-3 - Power Transmission versus Voltage Standing Wave Ratio

5-5



By measuring TA' TR and S, 'l‘e can be found. S was wmeasured to be 2,0,
At 6:0% pm, when the temperature spread throughout the phantom was the greatest,
Te equalled 30.3°C. T, is a weighted average of the temperatures throughout the
the layered medium, with the weighting depending on the power penetraticn depth.
The temperature 30.3“C corresponds roughly to the temperature at a depth of 3.8 cm,
Thus it can be stated with some confidence that the radiometer sensed tempetaturts

to a depth of, at least, 3.8 cm and, possibly, down to a depth of 5.1 om,
5.3 MEASUREMENTS ON LARGE DOG

Radiometer measurements were performed at the New England Medical Center

Hospital, on a Labrador male mongrel, weighing 57 1lbs., with Dr. Harry H. Miller

in attendance. The dog was anesthetized wita pentobarbital ard the left rear thigh
was closely shaved. Temperature probes were pos:tioned on the thigh surface, sub-
cutaneous, and at depths of 1.3 and 2.5 ca. The dog and radiometer were placed in
the X-ray room, to avoid irterference generated by the fluorescent lights in the
Surgical Researct Laboratory. Other external interference was fairly slight. A
10-second time constant was used in measuring apparent tem,2ratures, and 100 samples

viere taken at a rate of 1 sample/sec., for each measurement.

The measured radiometer apparent temperature and the temperatures of the
surface, subcutaneous, and 1.3 cm-drep probes are plotted in Figure 5-4. Figure 5-5
shows the measured radiometer apparen: temperature and the 2.5 cm deep probe plotted
on an exaggerated vertical scale., The vertical bars, in Figurc 5-5, indicate the
weasured radiometer sensitivity, AT,. As indicated by the amnotations on the
figures, the procedure followed consisted of the following steps:

1. Reference radiometer and temperature probe measurements were

initially taken.

2. The radiometer was removed at 2:00 pm and repositioned and more
reference measurements were made. This allowed for checking on how
sensitive the measurements w:re to repositioning. The apparent
temperature curve indicates that the repositiocning did not have a

significant effect on the measurements,
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3. The radiometer was removed at 2:30 pm and a tourniquet and ice pack,
containing an ice-alcohol mixture, was applied to the upper portion
of the thigh. After the leg was cooled down, the ice pack was removed,
the radiometer was repositioned, and measurements were repeated. As

expected, the apparent temperature showed a sharp decrease.

4. The radiometer was removed again at 3:05 pm, and the ice pack was
reappiied for further cooling. After sufficient cooling, the ice
pack was removed, and the radiometer was placed back on the thigh.
Measurements werz taken as the thigh warmed up, during which the

apparent temperature showed a steady increase.

5. At 4:05 pm the radiometer was removed 5o that the tourniquet could
be released. The radiometer was then repositioned and the apparent

temperatures continued to increase.

6. To aid in warming the leg, a hot water bottle was placed on the

abdomen between 4:30 and 4:45 pm.

7. At 5:00 pm the radiometer was removed, the hot water bottle was placed
on the inside of the leg for several minutes and then removed, and the

radiometer was repositioned.

Referring to Figure 5-4, it will be noted that the apparent temperature curve
follows the 1.3 cm-deep temperature curve fairly closely. In Figure 5-5, the
correspondence between T, and the 2.5 cm temperature curve is rather poor when the
temperature is increasing except, perhaps, after 5:00 pm. Thus, on the increasing
temperature portion, the apparent temperatures appear to follow temperatures at
shallower depths, as indicated in Figure 5-4. It will be recalled that the penetra-
tion depth in the phantom model was somewhat greater - between 3.8 and 5.1 cm. This
is probably due to the lack of circulating blood in the phantom. However, the above
results are quite encouraging and it appears that indirect blood flow measurement,

with a microwave radiometer, holds considerable promise.



Section 6

CONCLUSIONS

Several conclusions of importance may be drawn from the results of this study.

These are as follows:

1. The development of a highly sensitive microwave radiometer, for use
in near-field measurements of radiation from biological materials, has
been successfully accomplished. Such observations are now quite

practical and can be made with a high level of absolute accuracy.

2. Measurements made on a phantom model indicate that the radiometer is
sensitive to temperature changes occurring in the top 0.5 cm layer of
fat and, at least, the first 3.2 cm of lean beef. It is likely that
temperatures as deep as 5.1 cm influenced the radiometer respomse. The
ability of the radiometer to sense temperature changes, from these
depths, establishes the feasibility of measuring subsurface temperature

changes in biological tissue,

3. The close agreement between the phantom measurements and the correspond-
ing theoretical apparent temperatures, substantiates the validity of
using a layered tissue model, of infinite lateral extent, for predicting

brightness temperatures in real tissue structures,

4. Measurements performed on a hind thigh of a dog indicate that the

radiometer sensed temperature changes from a depth of, at least, 1.3 cm,

6-1



Section 7

RECOMMENDATIONS

The results of this study indicate several areas in need of further investiga-
tion, to properly develop the microwave radiometric blood flow sensing technique.

These areas are presented below,

7.1 INTEGRAL VSWR MEASUREMENT CIRCUIT

A VSWR measurement circuit should be designed and fabricated to mount inside
the radiometer RF head. Tnis will permit convenient and rapid measurement of VSWR,
via the radiometer antenna, during future observations on phantom tissue models,
dogs and human subjects. The use of bulky, standard laboratory equipment, for this
purpose, is awkward and time consuming. It also requires de-mounting the antenna
from the RF head. The recommended integral circuit would eliminate these problems

and provide VSWR information easily and accurately.

7.2 MEAS UREMENT OF BLOOD DISTRIBUTICN IN THE BODY

Due to problems caused by externally generated interference, the work in this
study was sufficiently delayed to preclude measurements on human subjects. Accor -
ingly, it is recommended that an extensive investigation be performed on humans to
develop a technique for determining blood distribution in the body. The radiometer
could be employed in measuring apparent temperatures of the head and other parts of
the body, under strésses imposed by heat and exercize. Of particular interest are
heat losses from various parts of the body, under specified conditions. These are

unknown at present,

The radiometer is capable of sensing subsurface temperatures down to a depth
of about 1.5 ecm. Since a significant portion of the blood volume is in this region,
measurements at Jifferent points or the body should yield a good indication of blood

distribution and heat flow,
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7.3 CORRELATIVE MEASUREMENTS OF BLOOD FLW

As discussed in Section 4, it has been difficult to obtain accurate cor-
relative data on blood flow du~ing temperature and radiometric measurements. Even
if the square-wave electromagnetic flowmeters had performed satisfactorily, their
use is limited to a single blood vessel; thus, no indication is given of the amount
of collateral flow. The other disadvantage of these instruments is that a surgical
operation is required to permit their use. This precludes their application in the

type of investigation described in the above Paragraph.

In view of the above problems, it is recommended that correlative data on
blood flow be obtained for future radiometric investigations by either a radioisotope
method, an impedance plethysmograph, the ultrasonic method, a cold mass or a heat
pulse (described in Section 4) whichever is most appropriate fcr a given experiment.
If the necessary equipment, for a particular investigation, is not readily available,
consideration should be given to performing the experiment at a facility that can

furnish it temporarily, on a rental basis.
7.4 LOWER FREQUENCY RADIOMETER

The vperating RF center frequency of the radiometer, delivered to NASA-Ames,
is near 800 MHz. This is about 75 MHz higher than was originally intended and was
caused by the need for a bandpass filter capable of eliminating certain UHF TV

frequencies.

Since the depth from which the radiometer can sense temperatures appears to
be limited to about 1.5 cm, it would be worthwhile furnishing an additional RF head
to operate at a lower frequency and, hence, provide a means for sensing temperatures
at greater depths. Figure 2-8 shows that operation in the vicinity of 500 MHz should
be optimum, The tendency of the antenna aperture to increase to objectionable
proportions could be eliminated by raising the dielectric constant of the loading
material to a value that would compensate for the increase in aperture. If has been
recently discovered that loading materials with dielectric constants above 30 are

manufactured by the Raytheon Company.



Operation at a lower frequency could permit temperature measurements on

organs located at some depth in the body. An ideal approach would involve a

3-frequency radiometer. Since each frequency would be limited to a particular
depth, such an instrument could be designed to three temperatures simultaneously,

in profile, to a depth dictated by the lowest frequency. This approach would permit

a better understanding of heat flow from the body.
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APPENDIX A

LISTINGS OF COMPUTER PROGRAMS

SETUP 1
SETUP 2
RADIOM
PBTEMP
RADRMS



FORTkAN P)
vVP/CSS

SETUP) Th=uTy

MATTONAL €SSy

LYAYYAK 12.36,15%
INC. (STAMENRN DATA CENTER)

NDIMFNSTION ACL1A0) ori(D00) ¢ATEST (4)

NDATA ATEST/ ¢ 190> Y Vot v/
DATA ATESTX/ ! v/
*  DATA ATESTN/egy '/
DATA ATEST2/02 LV
DATA ATEST3/¢3 LV
DATA ATESTQ/9 t/

RFAD(1+1000) A
1000 FORMAT (130A1)
1 CONTINUE
IREG=]
IEND=130
IF AU oFN ATESTY9 L AND A (4) o FQLATESTYO) GO TO 999
10 CONTINUE
J=0
PO 20 1=1RFGeTENMD
JeJel
IFIALD «EQATFSTX) GO TN 30
IF(1.6T.5%00) GO TO @0
1SAVE=1?
R(I)=A(J)
20 CONTINUE
30 CONTINUF
RFAD(1+1000) A
IF(ACIY) GFQATFST(0) e ANDGA(12) TULATEST(4) ,ANNLA(13) FQLATEST (&)
NXeANDOA(LA) ,FQATEST(4Y) GO TO SO
IREG=]SAVE+}
T1END=IREGe 129
60 T0 10
40 CONTINUE
WRITE (Se5000)
5000 FORMAT (23M NDATA IN INCORRFCT FORM)
CALL EXIT
S0 CONTINUE
1STOP=]SAVE
1REG=]
1END=14
WRITE(2e2000)
2000 FORMAT (16A1)
IF(RUIS) oENLATEST(3) 4 0RR(N) JEQLATFSTG)Y)
nO 60 1s15,78
1SAVE=1
IF(BIY eEQ ATFSTULAND H(1¢1) JEQ,ATESTOANDR(]¢?) EQ,ATESTO
XoAND R (1¢4) FOATESTZ2 , AND B (T1¢59) FQ.ATESTILAND,R(]+8)
NeFEQGATESTO ANDH(1¢9) ENGATESTILAND,B (1410} ,FQALATESTO)
XGn 10 70
60 CONTINUE
WRITE(2+2001) ATFSTYeATESTUIATESTOWATESTY
2001 FORMAT (&A1)
GO YO 1
70 CINTINUE
IREGS]SAVE-R2
1END21ISAVE.]]
WRITE(2¢2002)
2002 FORMAT (66A))

(B(T) o T2TREG IEND)

GO YO 80

(R{1)eI=THEG IEND)

PAGF 1

SETO00010
SET00020
SET00030
SET00040
SET00050
SET00060
SET00070
SET00080
cET00090
SET00100
SETO00L10
SET00120
SET00130
SET00140
SET00150
SET00160
SET00170
SET00180
SET00190
SET00200
SET00210
SET00220
SET00230
SET00240
SET00250
SET00260
SET00270
SET00280
SET00290
SET00300
SET00310
SET00320
SET00330
SET00340
SET00350
SET00360
SETO00370
SET00380
SET00390
SET00400
SET00410
SET00620
SET00430
SET00440
SET00450
SET00460
SET00470
SET00480
SET00490
SET00500
SET00S510
SET00520
SET00530
SET00540
SET00S50



SETUP])

RO

2003

999

FORTRAN P) 1h=RT1 YAV YAK]
CONTINUE
TRFGRIEND]
IEND=ISTOP
NUMRANZ (IENN=TREG]) 74
TREG=IEND=4ONUMRAD ]
WRITE(2+20073) NUMKRAD
FORMAT(I3)
WRITE(P+2002) (RI1)eI=IREGTIFND)
GO To |}
CONTINUE
WRITE(Pe700])) ATESTOeATESTYsATESTGATESTY
CaLL EXIT
END

12.34,15

PAGE 2

SETO0N.La{
SETQ00570
SET00580
SET00590
SET00600
SET00610
SET00620
SET00630
SET00640
SET00650
SET00660
SET0C670
SET00680



SETUP? FORTRAN P) th=RT]
VP/CSS e~
DIMENSION R(500)eA(1N)
NDATA AX/'s v/
DATA AY/*? v/
NDATA A/0]) tet? te0 ] Yo%
X6 LI te'R 419 140

1

CONTINUF
RFAD()1¢1000) (H(I)eI=1e]14)
WRITE(?2+1000) (H(I)slx=1sl4)

1000 FORMATY (14A1})

1001

10

20
30

s
1007

50

6n

80

100

IFIB(3)FN A(9) s ANNGH(4) oF QA (Y))
G0 To 35

IF(R(S) EQ AXNR4H(S) ,FQeAY)
REAND(1I+1001) (R{])elZ1ema)
FORMAT (64AY)

TF(R(1)eEQA(9) dANDGH(?2) dFQeA(9) ANDB () JFNLA(9)
XeANDJR(4) FNLA(Y)) GO TO 999

NO 30 t=le64

DO 10 J=lel0
IF(RL])EQ,A(L) GO TO 3
CONTINUE
KRFG=((I=1)/6)%4¢]
KEND=2KREGe 3

NO 20 KEXRFGIKFND
B(X)=A(R)

CONTINUE

WRITE(2+1001) (B(l)sI=let ™)
CONTINUE

RFAD(141002) NUMRAD
FORMAT (13)

IENDaNUMRANS S
READC(141001) (R{I)eI=1sIEND)
IF (INUMRAD L T,3) LO T/ RO
NCOUNT=0

DO 60 1=SHe1END

NO 50 us=l.10
IF(BLT)ENA(YY) GO Tn 60
CONT INUE

NCOUNTNCOUNT e ]

1F INCOUNT ,FR.2) 6y "0 998
Kzé

IFCIEND=T L. Teb) Kzab
R(1)=R(Iex)

CONT INUE

GO T0 100

R(S)=A(])0)

B(6)=A(10)

R(T)=a(10)

R(B)sA(10)

CONTINUE

R(l1)SR(%)

RL2)sH (S)

R(I)IsR("

R(e)sA(H)

WRITE(2+1002) NUMKAD

WRITE(201001) (B(I)eT=zlelEND)

GnH 70 1}

NATIONAL €SS

0R/14/73

INC, (STAMFQORN DATA CENTER)

1,05 ',

CaLL EXIY

12.36,08

PAGE |

SET00019
SETL0020
SETO0CO3L
HET20060
SET00050
SET000€0
SET00070
SET00080
SET00090
SETIul00
SET00110
SET0L120
SET00130
SET00140
SET00150
SET00160
SET00170
SET00180
SET00190
Se100200
stT00210
SET00220
SET00230
SET00240
SET00250
SETY0260
SET00270
SET002A80
SET00290
SET00300
SETNO310
SETL0320
SET00330
SET00340
SET20350
SET00360
SET00370
SET00330
SEYT00390
SET00400
SET004i0
SET006420
SET30430
SET00440
SET00450
SET00460
SET00470
SET00480
SET00490
SET00500
SETC0510
SETLS320
SET00S30
SET00540
SET00550

i
!

i



SETUP? FORTRAN P]

96A NUMRAD=999
WRITE(2+1002)
G0 70 1}

399 WRITE(2+1001)
G0 T0 1
F.ND

TD=RTY

NUMKAD

(R(I)el=]1eb4)

08/14/13

12,36.08

PAGE 2

SET00560
SET00570
SET00580
SET00590
SET00600
SET00610



RADIOM™

5000

6000
9000

2000

9001

9007
9003
Q004
9005

9006

2001

9007

10

LYARYA X 12.37.11
(STAMFORD DATA CENTER)

FORTRAN P]
VP/CSS

10=7]
NATIONAL CSSe INC,

DIMENSION TITLE(10.1D)
DIMENSTION ATEST(S)
DIMENSION IVOLT(100)sTFMPR(]1I)
DIMENSION CALRI(2)+ITINF (&)
DATA ATEST/v < tee> tetz
Xeg 7 vy

ITIME(]) =0

ITIME (2) =0

ITIME(3) =0

ITIME (A) =0

CaLR(]1:=0,

CALBR(2)=],

XKCT=0

READ(S:5000) TITLE

FORMAT (10A8)

CONTINUE

WRITE (999000)

WRITE(&e60NN)

FORMAT (2R X)

FORMAT (LML /77/7/777729Xe76H% & & RNS READ OQUT & » a/,)
RFAD(2+2000) NSAMPLINFEXP oSTATUSoRATE oNK] oNX2eNYL eNY24D
FORMAT (21242410611 4A48)

IF (NEXP,EQ,99) CALL EXIT

IF INSAMP. FN,0) NSAMPL =100

WRITE(9¢9001) NEAPJNX]oNX2sNY1 oNY?

FORMAT (11X 20HFEXPERIMFNT NUMBER = 12/

...? Sg0> LPR LY

11X THTIME = ¢211elMHie2117)

wWRITE (9+9002)
WRITE (9+9003)
WRITE (909004)
WRITF (9+9005)

TF(STATUS FQLATEST (1) ORSTATUS EQ,ATFST(3))
IF(STATUS EQATEST (2) JORLSTATUS EO,ATEST (4))
IFISTATUS FNLATEST (3) ,ORSTATUS ,EQ,ATEST (4})
IF(STATUS FQJATEST (1) ,O0RSTATUS EQATEST(2))
FOAMAT (10X ¢2TH RADJOMFTER IN OPERATE MODE)
FORMAT (10X 299 RADTOMETFR 1IN CALIBRATE MODF)
FORMAT (10X 426N TEMPERATURFS NOT RFCORDED/)
FORMAT (10X 42214 TEMPERATURES RECORDED/)
IFIRATELEQ,ATEST(S)) IRATF=)
IF(RATEJEQATEST(6)) IRATE=?
IF(RATELEQATEST(T7)) IRATF=6
IF(RATF LEQ . ATESTIHB)Y) IRATE=S

WRITE(9¢900A) TRATF sNSAMPL

FORMAT (10X o15H SAMPLE RATE = «]1eaM/SFEC/
X10Xe31H NUMARFR NF RADIOMETEN SAMPLES = ,13/7)
IF(STATUS FRLATEST (3) ,ORSTATUS . EQ.ATEST(4)) GO TO 30
REAN(2+2001) (IVOLT(I)eI=1416)

FORMAT (1614)

IF(IVOLT()) JNEL9YNG) GN TO 10

VRITE(9+900T)

FORMATY (/7/77710XK¢36H CAL TRRATION SEQUENCE WAS NOT FOUND,)
KCT=0

GO T0 1}

CONTINUL

WRITE(9+900R) (IVOLT(I)sl=lbel6)

QONAR FNARMAT (22X« 15HRDS CALIHRATION/11X,

XISHZERN PRORBE SCALF
X11XeI3e9XgT601rPXe14/7)

FULL SCALE/

PAGE 1

RAD0OO10
RAD00Q20
RAD00030
RAD00OC40
RAD00OSO
RAD00060
RADOOOTO
RADOOOBO
RAD00O90
RADOOC100
RADOO110
RADOO120
RADOO130
RAD0O140
RAGOO1SO
RAD0O:60
RADOOL1T70
RAD0O180
RAD0O190
RAD0OO200
RAD0OO210
RAD00220
RADOO230
RADOO24C
RAD00250
RAD00260
RADOO2TO
RAD0OO280
RAD00290
RAD0OO300
RAD00310
RAD00320
RAD0O0330
RAD0O0340
RAD00350
RAD00360
RAD0O0370
RADOO380
RAD00390
RADOOsOO
RADOOA]O0
RAD00420
RADO0430
RADOO44O
RADOO4S0
RADJ0460
RADOOATO
RADOO480
RADC0490
RADO.500
RAD0OS10
RAD00S20
RAD00S30
RADODNS40
RAD0DS50



RaDIO

20

9009

3000
30

2002

o

9010

40

9011

400"

U] FORTRAN P1 1N=eY}] 04/1a773 12.37.11

IF(IVOLTI1IR) ENLU) TVOLT(15)=)

NO 20 I=1e13
RESEIVALT(1)®OU5]1,.7TIVOLT (]S)
OFFSET=0.

IF(1.FAe1) OFFSET==.3

CALL PATEMD (RESIOFFSETTEMPRIT))
IF(TEMPR{T) LT.06) TEMPR(I)SRES®, ]

CCN ( INUF
WRITE(9+9009) ((VITLE(IeJ)eI=1010) e TEMPRIJ)vJU=10]3)
FOR At(esx.?7u PRORE TEMPENRATURES (DEG C)//

XelOXo6N R) 210A443H = oF6,1le2H C/

XelOXotH R2 = 210A6eIH = oFb,ledH C/
XelOXobH RI = ¢10A0e3IH = oF6,1e2M C/
XelOXoboHN Re = s10A643H = oF6,1927H C/
XelOXe6MH RY = s10A6e3H = oF6,1e2K C/
Xel0Xo6M RE = v10A4e3H = +F6,1e2H C/
Xel0Xe2M RT = o10Aae3N = oFb,1e2H C/
XelOXoeh RAB = +s10AG3M = oF6.le2H C/
XelOXob6M RO = 2]10A63H = oF6, ¢2H C/

XelOXoTH R0 = o10AAe3H = Fh 1M C/
NolOXoe7TM RI]1 = o]0AGeIN = FQ ] e2H C/
KelOXe7M R1I2 = o]10A4e3M = oF641421 C/
XelOXoTH R13 = o]0A6e3H = +Fhele2H C)
WRITE(3¢30n0n) NXIsNXZeNYIoNY22TEMPR

FORMAT (411613F5S,.1)

CONTINUE

READ (2420023 NUMRADN

FORMAT (1 3)

IF (NUMRAD.EN.999) GO TOo 39

READ(2+2001) (JVOLT(I)e1=)oNUMRAD)

1F (NUMRAD . FONSAMPL) GO TO &0

CONTINUE

WRITE(9+9010)

FORMAT (//710Xe24HERROR IN RADIUMETER DATA)

KCT=0

60 TO 1

CONT INUE

CALL RADRMS (IVOLToNUMRAD e XMEANGRMS 3y CHT)
WRITE(9+9011) XMELANIHRMS,CHI

FORMAT (//7/710Xe25HMEAN RADIOMETER QUTPUT = 4F6,17
X10Xel6HRMS NEVIATION = +F641/
X10Xs 1AMCH]I-SQUAKRE TEST = ¢E10,3)

1CAL=20

(FASTATUS .FQATEST(2) JDRSTATUSFOLATEST(4)) TCAL=]
WRITF(4694000) NX1oeNXZ2¢NYLoNY2oICAL ¢ XMEANSRMS o H]
FORMAT (ST1e2F7.29£10,3)

~CTKCT»]

IF(ICAL.EQ,)) GO To 100

KCT=0

NDENOM=CALR(P2)- TAI H(])

JE(DENOMLLT,,00000.) NDENOM=,000001]
APTEMP253,05% ( XMEAN=TALRI1))/DENOMCTEMPR(2) 273,272
AMSATP=S3 NS *RMS/DFNOM

WRTITE(999012) APTEMPeRMCATPITIME

9012 FORMAT (//10X%e21HAPARENT YEMPERATURE =4FT7,2¢hH NEG K/

PAGE 2

RADOOS60
RADOOSTO
RADOOSB0.
RAD00S90
RADOGG6OO
RADOOG1O
RADO0620
RADOCK30
RADQOGAD
RADOO&S(
RADDO660
RADOOGTO
RAD00O68BO
RADO0690
RADQOTO00
RADOOT1O
RADOOTZ20
RADOOT30
RADQO740
RADOO75¢0
RADOOT60
RADOOT?0
RADQOTAO
RADQOT90
RADQOBOO
®RADOOB1O
RADOOB20
RAD00B30
RAD0O0B4O
RAD008S0
RADOOBGD
RADOOBTO
RADOOB8O
RAD00ABSO
RADOO09S00O
RADOO910
RAD0O0920
RADD0930
RADO00940
RADDO9S0
RAD0OO960
RADOOS70"
RADOO980
RAD0OS9D
RADO]100O
RADO1010
RADO1020
RADO} 03¢
RADO10C40
RAD0]10S0.
RADO1060
RAD010O70
RADO]1 08O
RAD01090
RADOJ 100



RADIOM™

100

110

FORTIRAN P]

1D=RT1y

X10Xel11nRMS NOISE =oF 7,260 OEG x/

X10Xo31HBASED ON CAL IHQIATION AT TIME

60 T0 1
CONTINUE

IF(KCTLEQ, 1) GO To 110

cCatLB(1)=Ca(Sav
CALR(?)=XMFaAN
ITYE (1) =NX)
TTIME (2)=NX?
ITIME (3) =NY)
ITIME (4) =NY2

xCT=0
60 10 )

CALSAVzXMEAN

G0 70 1
END

(LYAYVAK)

12,37.11

Y20 EILIXY A8 8]
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QADO1110
RADO1120
RADO1130
RADOL1140
RADO]1 150
RADOL1 160
RADOLI1T70
RADO1180
RADO1190
RA001200
RADO1210
RADO1220
RADOL230
RADO 240
RADO1250
RADOL260



-BTEmP

10

FORTRAN PI
VP/CSS

10=w

T
NATIONAL CSSe

SURRQUTINF PRTEMP (RESIOFFSF T TEMP)
DIMENSTON ACOF (6) sRCOF (K)o CCOF (8)

DATA ACOF/0,122788«0%40,20990€=0%:0,32396E=05,
X0 AR22AF =050, 7/B2I0E~0540,11%96T7¢=-04/
DATA QCOF/=0,1668T7F=0]9«0,.19336F=019~0,245B4E-010

08/1a4/713
INC,

X=0,30371E=01¢=0,39312F=01e=0,48434E=-01/
DATA CCOF/5).h003e5KHe]1100063,985369,239:75,904+8]1,465/

1COF=n

IF(RES LT, 9R4,.,2) GO TH 10

IF(RES.GT,3539)
IF(RES . GT,17200)
IF(RES,.GT 1471
IF(RES.GT,1R1Y)
IF(RES,G1,2753)
IF(RES.GT.2R1s)

60 TO

1CnF =%
IC. ¥ =6
ICOF =1
ICOF=?
1CoF=]

10

12.42.51

(STAMFORD DATA CENTER)

TEWMPSACOF (TCOF ) SRFSORESRCOF (JCOF )SRES*CCOF (ICOF) «OFFSET

RE TURN
TFuPa=],
RE TURN
END

PAGE 1

PBT00010
PBT00020
PAT00030
PBT00040
PBT00050
PBY00060
PBT00070
PBY00080
PBT00090
PBTO00100
PBT00110
PETO00120
PBTO0130
PBT00140
PBT00150
PBT)C] 60
PBTO0L70
PBT00180
PRT00190
PRTO00200



RADRMS FORTRAN P} TD=RYY
NATIONAL CSSe INC,

10

20

30

40

41
42

43
50

VP/CSS o

SURROUTINE RADHMS (K INoNXMEAN XEMS4CH])
DIMENSION XIN(100)

TOY‘LSO .

PO 10 I=)eN

TOTAL=TOTAL oXINCL])

CONTINUE

XMEANETOTAL /N

TOTAL=0,.

NO 20 J=leN
TOTAL=TOTAL s (XMEAN=K]IN(T))uw2
CONT INUFE

XMSzTOTAL/Z (N=1)

J=0

TOTAL=30.

D0 30 I=leN
NEVE(XMEANK]IN(])) ae2
IFIDEV.GT,9,9X™S) GO YO 30

NE RS |

KIN(J)=KIN(T)

TOTAL=TOTAL oKIN(D)

CONTINUE

XMEAN=TOTAL /U

TOTAL=0,

DO &40 1=]l4y
TOTAL=TOTAL ¢ (XMEAN=KIN(])) ®#e2
CONT INUE

XRUSsSQRY (TOTALZ (JU=1))

LI=0

L2=0

L3=0

L6420

00 S0 I=ley
IF(KINCI) oGF o (XMEANSXRMS/2,)) GO TO &)
IF(KINC]I) GF o XMEAN) GN TO &2
IFIKINII) (GF o (XMEAN=XRMS/2.))GO TO 43
Li=t]e1

GO T0 SO

Léz L 4]

GO 70 S0

L3=L 3]

GO 10 50

L2=2¢]

CONTINUF

Ql=,30R5%y

Q2=,]19158
CHIS((L1=Q))®e?2/Q]l) e ((L7=02)*22/Q2)

Xe((LI=02)*®2/Q2) ¢ ((L&=Q])**2/01])

RETURN
END

08/714/13
(STAMFORD DATA CENTER)

12.37.51

PAGE )

RADOOO1O
RAD00020
RADOOO30
RADO004O
RAD0O0OS0
RADO0060
RADOOOTO
RADOOOAO
RADO0OOSO
RADOO100
RADOO]110
RADOO120
RADOO120
RADOO140
RADOO1S50
RADOO160
RADOO1T70
RAD00}180
RAD0OO0190
RADOO200
RADOO210
RAD00220
RAD0O0230
RADOO240
RAD00250
RADOOZ260
®ADOO270
RADO0280
RAD00290
RADOO300
RADOO310
RAD0O320
RADO0330
RADO00340
RAD003S0
RAD00360
RAD00370
RADO00380
RAD00390
RADO0400
RADO0410
RAD0OC420
RADO04I0O
RAD0044O
RADOOSS0
RADO00460
RADOO0¢ 70
RADOO&A"
RADT 4



